The reaction of atomic hydrogen with isocyanic acid (HNCO) to produce the amidogen radical (NHZ) and carbon monoxide,
Introduction
The reaction of atomic hydrogen with isocyanic acid (HNCO) to produce the amidogen radical (NH,) and carbon monoxide, (2(a)) H + HNCO NH2 + CO plays an important role in the RAPRENO, process for NO reduction in combustion products [l] . Reaction (2(a)) also plays a role in fuel nitrogen conversion in rich flames [2] . The objective of the study reported in this article is to help refine current detailed kinetic models of these processes through the measurement of the rate coefficient of reaction (2(a)). Reaction (2(a)) was studied in reflected shock wave experiments using initial mixture concentrations ranging from 0.5% to 2.0% HNCO dilute in argon. Time-histories of the NH2 radical were measured behind the shock waves using cw, narrow-linewidth laser absorption at 597 nm, while HNCO time-histories were measured using infrared emission from the fundamen-tal v2-band of HNCO near 5 pm. Over this range of initial HNCO molfractions, reaction (2(a)) becomes both the dominant NH2 formation reaction and the most important HNCO removal reaction. Hence, it is possible to make independent determinations of k2a from the NH2 and the HNCO measurements.
For some experimental conditions,
NH2 + HNCO * NH3 + NCO becomes an important NH2-removal reaction at early times. This makes it possible to determine an upper limit on k5 using the NH2 measurements.
To our knowledge, there have been no previous experimental studies of either reaction (2(a)) or reaction (5). Miller and Melius [3] have performed theoretical studies of the reaction of atomic hydrogen with HNCO based on fourth-order Moeller-Plesset perturbation theory with bond additivity corrections (BAC-MP4). They show that the reaction has two product channels: (2(a)) AH;98 = -8.1 kcal/mol (w4)
-H2 + NCO = 10.9 kcal/mol Channel (2(b)) is relatively unimportant in the present study, and its impact on our results is discussed later in more detail.
H + HNCO -NH2 + CO
Experimental
The experimental apparatus comprises a shock tube and gas handling facility, a NH2 narrow-line laser diagnostic system, and an infrared emission detection system. A complete description of the shock tube and gas handling facility has been given previously [4] .
The NH2 narrow-line laser diagnostic system has been described by Kohse-Hoinghaus et al. [5] . In the present experiments, NH2 was monitored in the electronic ground-state using the A2A1 + X2Bl(090 + 0 0 0 )~p Q 1 ,~( 7 ) transition at 597.375 nm. This wavelength was obtained using a SpectraPhysics 380 ring dye laser with Rhodamine 590 dye pumped with 3-4 W (alllines) from a Spectra-Physics model 171 argon ion laser. The wavelength and single-mode character of the dye laser beam were monitored using a Burleigh WA-10 wavemeter and a Spectra-Physics model 470 scanning interferometer. The dye laser power output was typically 30-35 mW The beam was focused into the shock tube through CaF2 windows with a beam diameter of about 1.5 mm. A fraction of the beam was sampled before entering the shock tube to provide a reference beam. The reference and probe beams were monitored with amplified EG&G UVlOOB silicon photodiodes. The detector signals were balanced using neutral density filters to adjust the beam intensities. The probe and reference signals and the ax.-coupled difference signal were recorded and stored on digital oscilloscopes (Nicolet model 2090) with 0.5 ps sampliGg intervals. The temporal resolution of this system due to the spatial extent of the laser beam and the electronic response of the detectors was <4 ps.
The infrared emission detection system utilized a photo-voltaic InSb infrared detector (Judson Infrared Inc., 77 K,D& = 3.3 x 10" cm Hz"'/ watt, 1 x 3 mm active area) with matched pre-amplifier and a radiation col-lection system to monitor emission from the fundamental v2-band of HNCO near 5 pm. A narrow-bandpass filter centered at 4.5 pm with a FWHM of 0.6 pm was mounted directly in front of the detector to minimize the collection of radiation from species other than HNCO. The ax.-coupled output signal from the pre-amplifier was recorded and stored on a digital oscilloscope (Nicolet model 2090) with 0.5 ps sampling intervals. The l/e electronic time response of this system was <1 ps. The radiation collection system comprised a CaF2 window, a flat turning mirror, an optical slit, and a 15 cm diameter spherical mirror with a nominal focal length of 30 cm. The system was configured and aligned using the focused-slit design and alignment procedure described in detail by Roose [6] . The important characteristic of this design is that the detector views a volume inside the shock tube that has a uniform width perpendicular to the shock front. This maximizes the radiation collected by the detector for a given spatial resolution. In the present study, the volume viewed by the detector had a width of about 2.5 mm.
All measurements were performed behind reflected shock waves. The infrared emission and NH2 absorption diagnostics were not used simultaneously. In the experiments utilizing the infrared emission diagnostic, a 10 cm wide strip centered about the test section window was painted black around the circumference of the inside of the shock tube in order to minimize the reflection of radiation originating from outside the volume viewed by the detector. The test section was not painted during the NH2 absorption experiments.
The HNCO was synthesized according to the procedure of Okabe [7] . Cyanuric acid, (HOCN)3, was heated in an evacuable Pyrex vessel above 250 C. The generated HNCO gas was solidified in a liquid nitrogen trap, then melted and vacuum distilled using a dry-ice/acetone trap (-78 C). The liquid HNCO was stored in a dry-icefacetone bath for up to 5 days. Test mixtures were made by first adding HNCO vapor from the liquid HNCO to the evacuated mixing tank to pressures of 1 to 10 torr. Then argon was added to total pressures of 400 to 1500 torr to achieve the desired HNCO molfractions. No evidence of adsorption was observed when the pressure of HNCO in the mixing tank was monitored over time. The purity of the HNCO vapor was found to be better than 98% by gas chromatography, with COz being the major impurity. The argon purity levels according to the manufacturer (Liquid Carbonic) were 299.998%.
Results and Discussion
The measured species profiles were modeled with the reaction mechanism in Table I , using the Chemkin [8] and Senkin [9] computer programs and the Sandia National Laboratories thermodynamic data base [lo] . The thermodynamic data base uses the following 298 K heats of formation in units of kcal/mol: NH: 85.2, NH2: 45.5, NCO: 38.1, HNCO: -24.9. However, the calculations were not sensitive to small variations of these heats of formation. The reaction behind the reflected shock wave was modelled as a constant volume-constant internal energy process; over the time-scale of the experiments, temperature variations during reaction were negligible. The measured impurities in the HNCO were found to have no effect on the calculated NH2 and HNCO profiles when included in a more complicated re- action mechanism [ll] , and they were subsequently neglected in the calculations. In addition to calculating species concentration profiles, the computer programs were used to calculate reaction contribution factors and sensitivity coefficients. A reaction contribution factor is the net rate of production or destruction of a particular species by a particular reaction. For example, the NH2 contribution factor for reaction (2(a)) is:
The sensitivity coefficient, azJ, calculated by Senkin, is the partial derivative of the molfraction of a species j , X,, with respect to the temperature independent rate constant parameter A, of a reaction i, normalized by the maximum species molfraction and the rate constant parameter A, :
NH2 Absorption Measurements
The test conditions and results of the NH2 measurements are given in Table 11 . Two initial mixture concentrations were used: 0.6% HNCO and 2.0% HNCO dilute in argon. Reflected shock temperatures and pressures ranged from 2340 to 3260 K and 0.34 to 0.49 atmospheres, respectively. Gas properties were assumed to be uniform in the plane parallel to the shock front. The peak NHP concentrations ranged from 220 ppm to 1000 ppm, with the detection limits (SNR = 1) varying from 20 ppm to 100 ppm. A typical measured NH2 absorption profile is shown in Figure 1 . The sharp peaks at -55 p s and time zero are the consequence of shock-front-induced beam steering by the incident and reflected shock waves. The fractional absorption profiles were converted into molfractions using the Beer-Lambert law and NH2 absorption coefficients measured by Kohse-Hoinghaus et al. [5] and Davidson et al. [12] . In these two studies, the absorption coefficients were determined by matching predicted NH2 concentrations to measured NH2 absorption levels in ammonia pyrolysis and photolysis shock tube experiments. The more recent determination of Davidson et al. is given by the 
HNCO + Ar -NH + CO + Ar This reaction is followed by the production of H-atoms by the fast reaction:
The H-atoms then react with HNCO to generate NH2:
H + HNCO ---+ NH2 + GO As the radical pool increases, and the HNCO concentration decreases, reactions of NH2 with other species eventually overcome the NH2 production, and the NH2 profile reaches a peak and begins to decay. However, the calculated NH2 profile is sensitive primarily to the rate coefficients of reactions (l(a)) and (2(a)). The second-order rate coefficients of reactions (l(a)) and (9) [4] and several other contributing reactions [4, 12] were recently measured in this laboratory. This makes it possible to determine the rate coefficient of reaction (2(a)) by adjusting kza in the reaction mechanism until the calculated NH2 profiles fit the data. Figure 2 shows a typical fit to the data, as well as the effect of a ?20% adjustment in k2a which clearly exceeds the uncertainty associated with the noise of the trace. The total uncertainty of the determination of kPa is discussed below. Figure 3 is a reaction contribution factor plot for NH2 for the same experiment that shows that reaction (2(a)) is the dominant NH2 reaction. Figure 4 is a sensitivity coefficient plot for NH2 for the same experiment, showing that the NH2 profile is somewhat sensitive to the rate coefficients of several reactions that do not directly involve NH2. These reactions contribute to the production and removal of H-atoms, and the uncertainties in the rate coefficients of these reactions, given in Table I , were included in the uncertainty analysis. Figure 5 is an Arrhenius plot that includes the results of the NH2 measurements and the HNCO measurements discussed later. The typical uncertainty limits shown on Figure 5 for several individual NH2 measurements were determined using dependent and independent error propagation analysis [ 131.
They represent the combined effects of the +30% uncertainty of the NH2 absorption coefficient, the noise of the data traces, and the uncertainties of the rate coefficients of other reactions.
Reaction (5):
For three of the lower-temperature (T = 2340-2680 K), higher-initial HNCO concentration (2.0% HNCO) experiments, reaction (5): (5) becomes an important NH2-removal reaction at early times. Although reaction (2(a)) still is the most important NH2 reaction, it is not possible to fit the measured NH2 profiles at early times while remaining within acceptable uncertainty limits of other rate parameters if the value of k5 is raised above a n upper limit. The upper limits of k5 determined from the three experiments are: 
HNCO Infrared Emission Measurements
The test conditions and results of the HNCO measurements are given in Table 111 . Two initial mixture concentrations were used: 0.5% HNCO and 2.0% HNCO dilute in argon. Reflected shock temperatures and pressures ranged from 2400 to 3270 K and 0.27 to 0.77 atmospheres, respectively.
A typical infrared emission profile is shown in Figure 6 . The first rise to a plateau at -55 p s corresponds to the heating of the test gas by the arrival of the incident shock wave. The incident shock temperatures were not high enough to initiate reaction. The slight rise in this plateau is due to radiation that originated from behind the approaching reflected shock wave, and was reflected off of the shock tube walls into the solid angle viewed by the detector. The second rise to a maximum at time zero is due to the heating of the test gas by the arrival of the reflected shock wave. The rise time to the peak is approximately 5 p s , which corresponds to the reflected shock wave transit time across the 2.5 mm width of the volume viewed by the detector. The subsequent decrease of the signal corresponds to the decomposition of HNCO. The emission signal does not reach zero at long times because of background emission near 5 pm from CO formed during HNCO decomposition.
Reaction (3~)):
In shock tube experiments with high initial HNCO molfractions (HNCO > O.l%), reaction (2(a)) becomes an important, and for some conditions, the most important HNCO-removal channel. This makes it possible to make an additional determination of kZa, independent of the NH2 measurements, by adjusting k b until calculated HNCO emission profiles fit the measured emission traces. However, before calculated HNCO emission profiles can be compared to the data, they must be corrected for the nonideal features of the measurements. First, the interference radiation from CO must be accounted for. In order to calculate a combined HNCO/CO emission profile, both the HNCO and CO molfraction profiles are calculated using the reaction mechanism in Table I . The calculated CO profile is then multiplied by the ratio of the emission signal of one CO molecule to the emission signal of one HNCO molecule at the reflected shock temperature. These values were determined from the shock-heated HNCO peak emission values and similar tests using CO mixtures in argon. This ratio, measured for this particular infrared sys-tem and filter, was a nearly linear function of temperature, with a value of 0.175 at 3300 K and 0.14 at 2400 K. The calculated CO emission profile then is added to the calculated HNCO molfraction profile to simulate the measured emission profile. Since CO is chemically inert in this environment, and one CO molecule is produced for each HNCO molecule that is removed, the CO profile is essentially a mirror image of the HNCO profile. Hence, the combined HNCO/CO profile is sensitive only to the HNCO profile.
The second nonideal feature of the measured emission profile is the time averaging of the signal due to the finite width of the volume viewed by the detector. This is dealt with by convolving the combined HNCO/CO calculated profile with the measured shock wave transit function. The result is normalized such that the peak value is unity and compared to the measured emission profile, which is normalized in the same fashion.
HNCO profiles determined in this manner were fit to the measured profiles by adjusting kza in the reaction mechanism. Figure 7 shows a typical fit to the data, as well as the effect of a +30% adjustment of kz,. H + HNCO ---+ Hz + NCO are the only other significant HNCO reactions. Figure 9 is a sensitivity coefficient plot for HNCO for the same experiment. These plots show that, although reaction (2(b)) contributes to the removal of HNCO, the HNCO profile is only slightly sensitive to changes in k26. Figure 9 also shows that the HNCO profile is somewhat sensitive to the rate coefficients of several reactions that do not directly involve HNCO. These reactions contribute t o the production and removal of H-atoms, and the uncertainties in the rate coefficients of these reactions, shown in Table I , were included in the uncertainty analysis.
The Arrhenius plot of Figure 5 shows that there is good agreement between the independent results of the NH, and HNCO measurements. The typical uncertainty limits shown on Figure 5 for several individual HNCO measurements were determined using dependent and independent error propagation analysis [13] . They represent the combined effects of the uncertainty of fitting the measured emission profiles and the uncertainties of the rate coefficients of other reactions. A least-squares two-parameter fit of the results of both the NH2 and HNCO measurements, using individual point uncertainties, is given by: kSa = 2.1 x 1014 exp( -8500/T, K) cm3 mol-' s-'
The minimum and maximum rate coefficient factors [14] ( f ; F) represent the combined effects of the uncertainties of both the NHz and HNCO measurements; i.e., fkZa and Fkza give the minimum and maximum possible values of k2, determined by the uncertainty analysis. The activation energy of the above expression for kz, is a parameter determined by the least-squares fitting procedure and is subject to large uncertainties. However, both the experimental data and the theoretical results of Miller and Melius [3] suggest that reaction (2(a)) has a small positive temperature dependence. Figure 5 shows good agreement between the theoretical kz,-values of Miller and Melius and the results of the present study. We have found no previous experimental determinations of the rate coefficient of reaction (2(a)).
( f = 0.5, F = 1.75).
Conclusion
The second-order rate coefficient of the reaction: (2(4) H + HNCO ---+ NH2 + CO was determined to be: kza = 2.1 x 1014 exp(-8500/T,K) T = 2340-3270 K cm3 mol-' s-', using both NH, and HNCO measurements in the shock wave pyrolysis of HNCO. This result helps refine current detailed kinetics models of combustion processes such as RAPRENO, and fuel nitrogen conversion in flames. NHz measurements also resulted in the determination of an upper limit on the rate coefficient of reaction (5) 
